ABSTRACT
INTRODUCTION 36 37
Consumer demand of prebiotic compounds has risen sharply in the past 38 years. Consequently, the development of methods for the synthesis of these 39 products has become an industrially relevant target. Galacto-oligosaccharides 40 (GOS) constitute one of the major types of prebiotic molecules. They consist of 41 short chains (2 to 10) of galactose residues linked in some cases to a terminal 42 glucose at the reducing end. GOS are resistant to gastric acid and digestive 43 enzymes. When they reach the colon, they are preferentially metabolised by 44 beneficial intestinal bacteria (prebiotic effect) 1 . GOS have been associated to 45 multiple health-promoting effects, such as hindering enteropathogens adhesion to 46 intestinal epithelium 2 , improving calcium absorption and preventing 47 6 genes were sequenced by using ABI Prism BigDye Terminator cycle sequencing kit 109 (Applied Biosystems), and the labeled products were analysed at the Sequencing 110
Service of the University of Valencia (Spain) using a 3730 DNA analyzer (Applied 111 Biosystems). Each plasmid was introduced in E. coli XRA strain to optimize gene 112
expression. 113 114
Expresion of TmLac. 115 116 E. coli transformants were grown in 2XTY (1% yeast extract, 1.5% triptone, 117 0.5% NaCl) supplemented with 100 mg/L ampicillin and 68 mg/L chloramphenicol 118 at 37ºC up to an optical density at 600 nm of 0.6 before the induction with 1 mM 119 IPTG (isopropyl β-D-galactopyranoside) at 16 ºC during 14 hours. Cultures were 120 centrifuged at 2400 x g for 10 min at 4 ºC, and the cells were concentrated 100-fold 121 by resuspending in buffer A (20 mM phosphate, 10 mM imidazole, 500 mM NaCl; 122 pH 7.4) supplemented with Complete EDTA-free protease inhibitor cocktail 123 (Roche). Cells were broken by sonication (5 cycles of 15s at 185 W and 0.5 Hz, 124 followed by 30 s at rest) with a Labsonic from Braun-Biotech keeping the samples 125 on ice. The extract was clarified by centrifugation (15000 g for 20 minutes at 4ºC) 126 and kept at 4ºC. 127 128 Enzyme assays. 129
130
Total β-galactosidase activity was assayed by incubating the clarified 131 extract with 25% (w/v) lactose in reaction buffer (50 mM phosphate pH6.5, 10 mM 132 NaCl, 1 mM MgCl2) at 75ºC for 30 min. As previously mentioned, GOS yields 133 7 increase with higher lactose concentrations, and therefore a lactose concentration 134 close to its limit of solubility at the assay temperature was chosen. The reaction 135 was stopped by heating at 95 ºC for 10 min and the amount of released glucose 136 was analysed with a glucose assay kit (Sigma). One unit of activity was defined as 137 the amount of extract that produces 1 µmol of glucose per minute. 138
Analysis of transglycosylating activity was carried out by incubation of the 139 enzyme extracts (0.7-0.8 U/mL) with 25% (w/v) lactose in reaction buffer at 75ºC. 140
The reaction was stopped at different times to determine released glucose or GOS 141 production. The pattern of oligosaccharides was analysed by high performance 142 anion exchange chromatography, coupled to a pulsed amperometric detector 143 (Dionex, Thermo Fisher Scientific) equipped with a CarboPac PA-100 column as 144 previously described 19 . β-3'-galactosyl-lactose and β-6'-galactosyl-lactose 145 standards were kindly provided by Francisco Javier Cañada. 146
147
Analysis of enzyme thermal stability. 148
149
Clarified cell extracts of E. coli were subjected to a heat-shock treatment 150 which was carried out by incubating 200 µL of the extract at 85 ºC for 5 minutes. 151
Soluble proteins after heat-shock were recovered after centrifugation at 19000 g 152 for 20 minutes and analysed by SDS-PAGE, as previously described 11 except that it shows an extra C-terminal domain composed of about 100 residues 178 with a predicted β-sandwich fold ( Figure 1A ). This domain, which is present in β-179 galactosidases from Thermotoga species but not in other homologous enzymes 180 (our own observation), was modeled using as template a CARDB-like domain from 181
Pyrococcus furiosus, with a significant (ca. 20%) sequence identity. The C-score 182 9 value in both cases was higher than -1.5, which is considered the threshold for 183 structural models with correct toplology 22 . 184
Inspection of the active site revealed that residues involved in catalysis or in 185 substrate binding in EcLac are highly conserved (70% identity) in TmLac, 186
rendering a good quality model for this region. In order to identify potential 187 residues involved in transgalactosylation, a docking analysis was carried out using 188 β-3´-galactosyl-lactose as ligand, since this is the major GOS synthesized by wild-189 type TmLac 19 . The complex of TmLac with β-3´-galactosyl-lactose ( Figure 1B thermal resistance similar to the wild-type, with a few exceptions (supplementary 234 Figure S2 ). Mutants N574S and W959F were produced in significantly lower 235 amounts than the wild-type enzyme. Despite of this, the percentage of enzyme 236 recovered after heat treatment was similar to that obtained with the wild-type. 237
Therefore, none of the introduced mutations seem to cause drastic structural 238 changes altering the overall stability of the enzyme. 239 240
Activity of transformants expressing mutant TmLac versions. 241 242
Glucose release by TmLac activity is concomitant to both hydrolysis and 243 transglycosylation ( Figure S1 ). Therefore, initial velocity of glucose production can 244 be used as an estimation of the overall activity of the enzyme. Substitution of Asn 245 574 by Ala or Ser caused a significant decrease in the global activity of the enzyme 246 per unit of total protein in the extract (to 31 % and 8 % of the wild-type, 247 respectively), whereas replacement by Asp did not have a significant effect (Table  248 1). The drastic reduction of activity in the N574S mutant seems to be correlated 249 with the decreased synthesis of enzyme observed in Figure S2 . The three 250 mutations tested at W959 were associated with a decrease in the overall specific 251 activity of the enzyme (Table 1) , although the decrease of W959F activity may be 252 simply the result of the lower expression of this mutant enzyme. On the contrary, 253 substitution of W959 by non-aromatic residues (Cys or Ala) caused a significant 254 decrease in activity (to 21% and 45% of the wild-type, respectively) despite 255
showing a similar enzyme amount. Activity of the rest of mutants was similar to 256 that of the wild-type. Therefore, comparing relative activity values (Table 1) The kinetics of β-3'-galactosyl-lactose and β-6'-galactosyl-lactose synthesis 265 was evaluated for the wild-type enzyme (supplementary Figure S3A) . In parallel, 266 glucose release was determined as an estimation of enzyme activity, revealing that 267
TmLac is progressively inactivated ( Figure S3B ). After 3 hours of reaction, the rate 268 of glucose release was around 20 % of the initial velocity. Since neither substrate 269 availability nor enzyme stability is compromised after this incubation time 19 , this 270 may be a consequence of enzyme inhibition by product accumulation, as reported 271 for other β-galactosidases 31,32 . Consequently, GOS synthesis was also slowed down 272 as reaction progressed, with a much slower rate after 3 hours of reaction (Figure  273 S3A). As previously reported 19 , β-3´-galactosyl-lactose was preferentially 274 synthesized over β-6´-galactosyl-lactose. In order to compare GOS yields from 275 different enzymatic variants, the same units of enzyme (i.e. initial glucose release 276 per unit of time) were used. GOS production was determined after 5 hours of 277 reaction and the kinetics of glucose release was monitored in parallel as a control. 278
All the enzymatic versions synthesized the same GOS types as the wild-type 279 enzyme (β-3´-galactosyl-lactose and β-6´-galactosyl-lactose). GOS with higher 280 degree of polymerization were not detected in any case. 
13
Substitutions N574S and N574A, but not N574D yielded an increase in the 282 synthesis of β-3´-galactosyl-lactose, compared to the wild-type enzyme (around 283 30% and 40% higher, respectively), whereas β-6´-galactosyl-lactose synthesis was 284 not significantly affected (Figure 2A) . Similarly, the mutant F571L also showed an 285 increased β-3´-galactosyl-lactose synthesis (around 40%) ( Figure 2B) . 286
Mutations at Asp 568, Val 93 and Val 94 did not affect the 287 transgalactosylation efficiency or product specificity of the enzyme ( Figure 3A and 288 3C). In contrast, substitutions W959C and W959A caused a drastic reduction 289 (around 80%) in β-3´-galactosyl-lactose synthesis ( Figure 3B ). This effect was not 290 so remarkable in β-6´-galactosyl-lactose synthesis. Therefore, β-6´-galactosyl-291 lactose to β-3´-galactosyl-lactose ratio was reduced from 2.6, obtained with the 292 wild-type enzyme, to 1 and 0.7, for W959C and W959A, respectively. The W959F 293 mutation did not cause a significant change in the transgalactosylating properties 294 of the enzyme. 295
Substitutions with higher increase in transgalactosylating efficiency were 296 combined generating mutants F571L/N574S and F571L/N574A. The resulting 297 enzymes showed a significant reduction in global activity (Table 1) , despite their 298 expression was similar to that of the wild-type ( Figure S2 ). The synthesis of β-3´-299 galactosyl-lactose by F571L/N574S and F571L/N574A was increased around 90% 300 and 70% compared to the wild-type enzyme, respectively ( Figure 2C ). This 301 GOS yield, using GH1 and GH42 enzymes, have been reported [40] [41] [42] . So far GH2 316 enzymes have not been manipulated with this purpose. Therefore, the aim of this 317 study was to find out the role that specific residues in the active site of a GH2 318 glycosidase might have in the transglycosylating activity and specificity of the 319 enzyme. For this purpose we chose a thermoresistant β-galactosidase from the 320 bacterium Thermotoga maritima. We undertook rational design of mutations 321 based on the analysis of homologous sequences of GH2 enzymes with 322 transglycosylating activity, and docking analysis of a structural model of TmLac 323 with the transglycosylation product β-3´-galactosyl-lactose. 324
Aminoacid substitutions within the -1 subsite may disrupt a hydrogen bond 325 with the galactosyl moiety in the covalent complex formed in the reaction 326 intermediate. Accordingly, mutations N574S and N574A, caused a significant 327 decrease in overall activity (Table 1) , but in contrast transgalactosylation activity 328 was increased with a substantial increment (30-40%) in the synthesis of β -3´-329 galactosyl-lactose. In the mutants, the loss of a stabilising interaction would 330 decrease the affinity of the enzyme by the substrate and the stability of the 331 Figure 4A ). Our results also suggest 334 that this higher flexibility would specifically facilitate coupling to the acceptor 335 lactose through a β(1,3) linkage (Figure 2A) . Mutant N574D, which involves the 336 substitution of a carboxy group by an amide with the same side chain length, may 337 still be able to keep such polar contact with the galactosyl moiety. In agreement 338 with this, no changes were found in the protein expression ( Figure S2 ), activity 339 (Table 1) * statistical difference (p<0.01) with wild-type value.
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